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In order to understand the experimental parameters that influence the optimum surface-enhanced Raman
scattering (SERS) signals obtained using silver foils etched by nitric acid as substrate, silver surfaces
were analysed by x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and SERS.
The best conditions to obtain the strongest SERS signals when the foils are spotted with 9-aminoacridine
chlorhydrate solutions are determined by comparison of XPS, SEM and SERS results. An adequate etch
time for fine-scale silver protrusions superimposed on the coarser silver surface is highlighted. Copyright
 2000 John Wiley & Sons, Ltd.
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INTRODUCTION
Interest in the development of surface-enhanced Raman
scattering (SERS)-active surfaces has been reported re-
cently.1,2 Practically attractive silver substrate forms on
which the SERS effect is observed most intensely include
colloidal silver,3 metal-coated filter paper,4,5 silver films
deposited on quartz or Teflon particles,6,7 and chemically
reduced silver foils8 – 10 or silver films on glass slides.11
The use of colloidal silver—the most widely employed
silver form—provides a number of advantages for SERS
observation but it has been difficult to obtain stable repro-
ducible enhancements for long periods of time under ele-
vated temperature conditions. The results obtained using
solid silver media etched by concentrated HNO3 show that
this surface preparation technique is particularly efficient12
under the appropriate conditions for SERS sampling. This
technique, perhaps the easiest to prepare, requires no spe-
cial equipment, can be performed in any laboratory and
can be considered the most inexpensive SERS-active sur-
face. This substrate shows extraordinary stability under
various environmental conditions, including elevated tem-
peratures. The high thermal stability of the SERS factor is
very important in order to apply this technique to catalytic
studies, because many catalytic reactions are undertaken
at elevated temperatures.
Investigation of surfaces by x-ray photoelectron spec-
troscopy (XPS) provides quantitative information about
the relative elemental composition and the chemical state
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of the surface under real environmental conditions. Impu-
rities may behave as a competing factor for the adsorption
of analyte, resulting in large variations in the ability of
this analyte to produce a well-defined SERS spectrum.
In addition, electron micrographs obtained from scanning
electron microscopy (SEM) of the substrate provide infor-
mation on the polydispersity of the silver foils in terms of
particle size and shape. Strong polydispersity complicates
the reproducibility of the signals in different samples to a
level compatible with the applications of SERS.
This paper analyses the SERS, SEM and XPS results
obtained from silver foil surfaces etched for different
times with nitric acid before and after the addition of
a solution of 9-aminoacridine chlorhydrate. The results
obtained are related to the corresponding capacity of the
treated substrate for strong SERS signals.
EXPERIMENTAL
Preparation of silver foils
Silver foils 0.025 nm thick (Aldrich) were immersed
(1–5 min) in vigorously stirred nitric acid (diluted
8 : 20 v/v with water) at room temperature. After etching,
the silver foils were thoroughly rinsed with distilled water
and dried in air. Some silver foils were spotted with 5µl
of 10 4 M 9-aminoacridine in methanol. This amount of
analyte was selected after taking into account previous
studies.3,9 After spotting, the excess liquid was blown
away with air and the foil placed in the sample holder
for the corresponding examination.
Reagents
All chemicals were analytical reagent grade or equivalent,
used without further purification. Chromatography grade
methanol was used throughout.
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Instrumentation
The excitation source consisted of an argon ion laser
(Coherent, model Innova 70) tuned to 488 nm, releas-
ing ¾30 mW at the sample, focused with a biconvex
glass lens (30 cm focal length). Raman scattering was
collected at right angles, dispersed with a double spec-
trometer (1680B), and detected with a thermoelectrically
cooled photomultiplier tube (Hamamatsu, R928) and a
photon counting system. The acquisition time by spec-
tral element was 0.5 s and each spectrum consisted of
700 data points. The spectrometer resolution was gener-
ally set to 14 cm 1. Frequencies were accurate to within
3 cm 1. Spectral data were generated in binary code and
converted to ASCII for processing by standard graphics
software.
X-ray photoelectron spectra were recorded with a Phys-
ical Electronics 5700 instrument, an Al K̨x-ray excita-
tion source (hv D 1486.6 eV) and a hemispherical elec-
tron analyser. The pressure in the analysis chamber was
maintained at<10 9 Torr during data acquisition. The
binding energies (BE) were obtained withš0.1 eV accu-
racy and by charge referencing with the adventitious C 1s
peak at 284.8 eV. Multiregion spectra were recorded at
45° take-off angle by a concentric hemispherical analyser
operating in the constant pass energy mode at 29.35 eV,
using a 720µm diameter analysis area. Under these con-
ditions the Au 4f7/2 line was recorded with 1.16 eV full
width at half-maximum (FWHM) at a binding energy of
84.0 eV. The spectrometer energy scale was calibrated
using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines
at 932.7, 368.3 and 84.0 eV, respectively. Each region
was scanned with several sweeps until a good signal-to-
noise ratio was observed. Survey spectra in the range
0–1200 eV were recorded at 187.85 eV pass energy.
Depth profiling was carried out with an ArC gun under
a pressure of 5ð 10 8 Torr.
Scanning electron micrographs were obtained with a
JEOL 840 electronic microscope using gold metallized
samples with a fine coat ion sputterer JFC-1100.
RESULTS AND DISCUSSION
Surface morphology in the SERS study
General agreement exists that SERS requires roughening
of a metallic surface.13 – 16 A well-characterized contribu-
tion to the enhancement of Raman signals stems from
roughness on the 10–100 nm scale, and is due to the
strongly amplified local electromagnetic fields near sur-
face protrusions. In addition, the electron–photon cou-
plings with the adsorbed molecules, invoked by the chem-
ical model, is also increased by microscopic surface
roughness features, i.e. adatoms. Furthermore, differences
between the relative composition and chemical state of the
metal surface, resulting from the surface preparation pro-
tocol, could result in large variations of the SERS activity.
To investigate the dependence of substrate roughness
on the extent of the etching process, the SERS spec-
tra corresponding to four silver foils with different etch
times of 0, 1, 3 and 5 min (series A) are compared
with the SERS spectra of these foils after 70 ng of 9-
aminoacridine addition (series B) (see Fig. 1). In series
A, several bands corresponding to non-lasing plasma lines
of the argon ion laser beam were observed: principally a
band at 1586 cm 1. In series B, the characteristic peak of
9-aminoacridine at 1374 cm 1 appears after nitric acid
etching, and gradually increases to reach a maximum
value for etching times of>3 min (spectrum 2, series B).
It is also interesting to note that the maximumI1374/I1586
ratio is obtained with this etch time. For longer etch-
ing times, the associated signal decreases steadily and
finally results in the complete dissolution of the silver
foil.
The observed variations in the roughness on the sil-
ver surface can be followed easily through its various
stages by SEM. Substrate micrographs (see Fig. 2) were
Figure 1. Effect of etching time on SERS net intensity of
9-aminoacridine. Drug concentration 70 ng. Series A are silver
foils with different etching times of 0, 1, 3 and 5 min: spectra A4,
A3, A2 and A1, respectively. Series B are silver foils of series
A after 9-aminoacridine addition: spectra B4, B3, B2 and B1,
respectively.
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Figure 2. Scanning electron micrographs of silver foils with
different etching times: (a) 0 min; (b) 3 min; (c) 5 min.
obtained at several etching times. After nitric acid etching
for 3 min, fine-scale protrusions superimposed on the
coarser surface morphology are evident. Over-etching of
substrates results in a large number of these features and
the fine structures disappear, leaving a surface morphol-
ogy relatively devoid of structures in the 10–100 nm range
and no high-curvature protrusions with concomitant elec-
tric field concentrations remaining.
On the other hand, the investigation by XPS can provide
quantitative information about the relative elemental com-
position of the first monolayers of the surface. The XPS
survey spectrum of a non-etched silver foil (not shown)
shows that Ag 3d5/2 and Ag 3d3/2 are the principal peaks.
The most important impurities one C 1s 284.8 eV and O
Table 1. Atomic concentration (%) from XPS data for silver
surfaces etched with nitric acid
Etching time
(min) Ag O C S Cl Si N
0 32.0 13.2 44.7 5.4 2.0 2.7
1 39.6 18.9 36.7 2.4 0.7 1.7
3 60.5 13.0 24.5 0.7 1.3
5 49.5 12.1 35.3 2.5 0.6
Table 2. Atomic concentration (%) from XPS data for silver
surfaces etched with nitric acid and spotted with
5 ml of 10−4 M 9-aminoacridine chlorhydrate
Etching time
(min) Ag O C S Cl Si N
0 29.2 13.6 49.6 4.9 0.4 3.0
1 22.4 28.0 38.7 1.9 2.9 1.8 4.3
3 35.7 10.5 36.2 2.4 4.5 4.7 6.0
5 23.3 15.6 50.3 1.6 3.0 6.2
1s 531.7 eV, with Cl 2p 198.2 eV and S 2p 161.8 eV also
present.
The results of the XPS analyses of etched silver foils
by nitric acid with different etch times and the effect in
the concentration (at.%) after analyte addition are shown
in Tables 1 and 2. The silver surface etched with nitric
acid contains a high percentage of carbon and also appre-
ciable atomic concentrations of other impurities such as
S, Cl and Si. The observed high percentage of oxygen
comes from oxygenated species meanly associated with
carbon and on a minor scale with the other impurities. As
expected, the concentration of the impurities decreases or
disappears after etching with nitric acid, with the excep-
tion of carbon. After 3 min of etching the carbon atomic
percentage decreased from 44.70% to 24.54%, but after
5 min of etching this carbon percentage increases up
to 35.27%. The silver etched with nitric acid does not
present any nitrogen signal in the N 1s energy region
(395–405 eV). However, the etched samples spotted with
9-aminoacridine exhibit high nitrogen atomic percentages
that increase with the etching time (see Table 2). The sil-
ver content increment is mainly due to the decrease of
the carbon contamination. Comparison between Table 1
and Table 2 suggests that the addition of the analyte to
differently roughened silver foils produces Ag percent-
age decreases of 2.78%, 17.21%, 24.76% and 26.13% at
0, 1, 3 and 5 min of etching, respectively, due to the
analyte adsorption. Also, after analyte addition the pres-
ence of atomic nitrogen is observed. It is interesting to
observe that the maximum increase in the SERS signal
is obtained with¾3 min of etching, which is consid-
ered to correspond to an adequate fine-scale silver pro-
trusion. For longer etch times, major surface occupation
is observed. The small SERS signal correlates with the
fact that roughness features are too large for the SERS
effect.
The largest value of oxygen atomic concentration (%)
in the first minute of etching could be due to the formation
of oxidized compounds, mainly silver oxide. Nevertheless,
the corresponding AgC 1s peak was not recorded on the
corresponding spectrum. After analyte addition a new
increase in oxygen is noted. The XPS spectra of the O 1s
Surf. Interface Anal. 30, 592–596 (2000) Copyright 2000 John Wiley & Sons, Ltd.
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Figure 3. The O 1s XPS region for a 1 min etched nitric acid
silver foil (a) and the same foil after analyte spotting (b). Drug
concentration 70 ng.
regionafter1 min of etching(a)andafter1 min of etching
andspottingwith analyte(b) areshownin Fig. 3. Closer
inspectionof thesespectrarevealssignificantdifferences
after the addition of analyte:the O 1s binding energy is
shiftedat lower energy to 0.3eV andthepeakis narrower
and more symmetrical.Becausemethanol is used as a
solvent, thesedifferencescould be due to a liaison on
the surfacewith the hydroxyl group of methanol.The
competitive adsorption17–19 betweenorganic solvent (in
relatively large concentration)andanalytefor the limited
amountof SERS-activesiteson thefoil hasbeenreported
in SERS.21
The analysisof the C 1s XPS regioncorrespondingto
different roughenedsilver foils allows assessmentof the
following issuesafter analyteapplication:
(1) The intensity of the shoulderat higherbinding ener-
gies decreasesvery significantly when 9-aminoacri-
dine is added,indicating that a significant number
of oxidized carbon speciesare removed or recov-
ered.
(2) After deconvolutionof the C 1s signal into three
peaksat 284.8, 286.1 and 288.4 eV, the C 1s peak
at 284.8 eV is broader after analyte application
(FWHM is 1.69 eV after and1.58 eV beforeanalyte
application),suggestingthe presenceof new carbon
sources.
(3) Themaximumdifferencein carbonpercentagerelated
to the spotting with analyte is shown in the 5 min
etchedsilver foil.
Figure4 showsthe C 1s XPS region for a 3 min etched
silver foil after analyteaddition (a) and before analyte
Figure 4. The C 1s XPS region for a 3 min etched nitric acid
silver foil after analyte spotting (a) and the same foil without
analyte (b). Drug concentration 70 ng.
Figure 5. Photoelectron peak intensities during depth profiling
with 4 keV ArC of silver foil on the profile of the Ag 3d peak area.
Nitric acid etch time: (a) 0 min, no analyte present; (b) 3 min, no
analyte present; (c) 3 min, with analyte.
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addition (b) In this figure issues (1) and (2) are easily
observed.
The fact that the bands from chloride ions increase in
intensity in a 9-aminoacridine chlorhydrate-spotted foil as
the time of etching increases could supply some infor-
mation about analyte adsorption. In a number of recent
publications, the addition of nitrogen-containing organic
compounds on silver substrate by chloride anions has been
reported.21 – 23These additions could take place through the
formation of a metal-adsorbate charge-transfer complex.
The action of the halide is related to a chemical mecha-
nism in which modulation of the charge transfer between
the metal and the adsorbate occurs.
Figure 5 shows the profile of the silver peak area versus
sputter time (min) after ArC sputtering for: (a) unrough-
ened silver foil; (b) a 3 min nitric acid etched silver
foil spotted with analyte, (c) a 3 min nitric acid etched
silver foil. The analysis shows a sharp increase in the
peak area at the beginning due to the quick elimination
of surface contaminants, and a subsequent increase as a
function of time, obtaining asymptotic values in the order
(a) < (c) < (b) (¾2, 3 and 7 min, respectively). These
differences overlap in the case of (b) and (c), where rough-
ness features must be similar, and could indicate that
the adsorbate–surface binding energy is different for the
two cases, thus justifying analyte adsorption. This con-
sideration is also supported by the fact that C (8.1%) Cl
(1.1%) and N (3.6%) are still present after 20 min of
ArC sputtering on a 3 min nitric acid etched silver foil
spotted with analyte, but quickly disappear on the treated
foil.
CONCLUSIONS
Both SEM and XPS studies can give information about
the most appropriate etching time for nitric acid on a
silver foil used for SERS. The maximum increase in
the SERS signal is obtained after 3 min of etching
with nitric acid. Longer etching times produce a signal
decrease and can result in complete dissolution of the sil-
ver foil.
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